Model Predictive Control (MPC) with a finite control set and space vector modulation (SVM) are the most common control methods for the matrix converters (MCs). This paper is focused on the input and output currents performance analysis of the matrix converter controlled by SVM and MPC. A closedloop control of the input current displacement angle is employed in the SVM strategy to provide unity input power factor over a wide range of voltage transfer ratio. For MPC, a discrete-time model of the converter, including the input filter and load, are used to predict the input and output currents for each valid switching state. The MPC, SVM, and power factor controlled SVM (PFC-SVM) methods are analyzed in detail, and their performance in controlling the input power factor, current quality, and transient response are compared through numerical simulations and experimental tests. INDEX TERMS Matrix converters (MCs), space vector modulation (SVM), model predictive control (MPC), current control, power factor control, harmonic distortion. JIANGUO ZHU (S'93-M'96-SM'03) received the B.
I. INTRODUCTION
The matrix converter (MC) compared with the conventional back-to-back converters with dc links has several advantages. It is inherently bidirectional, and a sinusoidal source current with little harmonic components is achievable by using a relatively small LC input filter which leads to a compact converter. Also, the direct connection of the load side to the input side of the converter can avoid the using of bulky storage capacitors, which are fault-prone components. However, the MC control becomes more difficult than the conventional converters.
In order to improve the performance of MCs, different modulation techniques have been proposed. Most of the publications consider the pulse width modulation (PWM) or space vector modulation (SVM) for this purpose [1] - [5] . As the modulation techniques are considered as The associate editor coordinating the review of this manuscript and approving it for publication was Bohui Wang. open-loop control strategies, a proper closed-loop control scheme is necessary to achieve the desired variation range for the input or output current and output power. However, it is not possible to reach the unity input power factor (PF) for the whole range of the voltage transfer ratio, and it can be obtained only for the maximum voltage ratio by a welldesigned input filter.
The model predictive control (MPC) as another option does not need the linear controllers and modulation techniques, and the behavior of the system variables are predicted based on the system model. The switching state is changed with a sampling period (T sp ) based on a quality function which evaluates the predictions so that the variables follow their reference values with good accuracy [6] - [8] . In the case that only a set of feasible switching states are applied, the approach is known as the finite control set MPC (FCS-MPC) [6] , [7] .
One of the main differences between the MPC and SVM is that the SVM strategy imposes a fixed average switching frequency depending on the sampling period and the switching pattern, while in MPC, it is variable, depending on the sampling period and the output to input voltage transfer ratio [9] . Even the cost function definition can affect the average switching frequency [6] .
In the case of the MC applications, the MPC has been applied for different control objectives. Due to the importance of input current performance, and direct control of the active and reactive powers in MCs, the MPC has been reported as a feasible solution. It has been used to control the output current achieving a unity PF at the input side [9] - [11] . A direct current control at the source and load sides using MPC with unity PF and enhanced quality of the input source current as the main objective has been presented in [12] . Furthermore, the MPC based methods have been proposed in [11] and [13] to ensure sinusoidal and balanced currents at the source and load sides due to the sensitivity of MCs to unbalanced or distorted grid conditions. A predictive based control has been presented in [14] to improve the efficiency, by reducing the switching losses of MC. The MPC has also been used to mitigate the common-mode voltage in MCs [15] , [16] . A simplified MPC method for a MC-fed permanent magnet synchronous machine has been proposed in [17] to reduce the calculation efforts imposed by the conventional MPC.
There are some studies which compare the MPC and SVM or use a combination of them as the control technique. As an example, a combination of MPC and SVM features has been employed in [18] to control a MC in order to add the advantages of working at a fixed switching frequency while maintaining all the characteristics of the MPC. In [19] , a comparative assessment of the classical SVM and the MPC for current regulation has been presented. In the MPC, the input current has been controlled, which resulted in the unity input PF; however, there is no control on the input current in the presented SVM method. Therefore, the ability of the unity power factor control of the SVM is limited to the case of maximum voltage transfer ratio.
In contrast, this paper considers the unity input PF control of the SVM for the whole range of the voltage transfer ratio, using a closed-loop control without any impact on the SVM modulation process. This provides a basis for comparison of the performance of the classical SVM and the MPC in controlling the input PF. Therefore, not only the results of the common SVM can be compared with the MPC, as presented in [19] , but also with the power factor controlled SVM (PFC-SVM). Different methods have been proposed for controlling the input PF in the SVM method. In [20] , a new direct-SVM method for input PF control of MC has been proposed. A closed-loop controlled classical SVM has been used in [21] and [22] to adjust the input PF for torque and flux control of a synchronous machine, and an ac-dc matrix rectifier respectively.
The main contribution of this work is to compare the performance of MPC, SVM, and PFC-SVM strategies in input PF control of the MCs, based on simulations and experimental results. The control settings ensure a similar range of average switching frequency. The control goals are input unity PF at any voltage transfer ratio, as well as regulation of the input and output currents according to their references which are imposed to have a sinusoidal waveform with low harmonic distortion. In the following sections, a general approach on MPC technique which directly controls the states of the MC switches, without any modulator, and the SVM with closed-loop linear controllers will be presented. The main focus will be on the comparison of the control performance in terms of the input PF control, the quality of the input and output currents, and the dynamic response to a step change of the load current. Finally, simulated and experimental verifications for the control methods have been presented and discussed.
II. INPUT POWER FACTOR CONTROL USING SVM
The SVM is based on the instantaneous space vectors of the currents and voltages which present three-phase time-variant quantities in a complex plane [23] - [25] . Like the other modulation techniques, SVM determines how the bidirectional switches which are arranged to connect the input phases to the output legs can be switched to generate the sinusoidal input and output currents, and to control the input PF.
The conventional SVM utilizes 21 states (including active and zero vectors) of the 27 safe switching configurations, and does not consider the rotating vectors. The input current and output voltage vectors related to the active switching configurations can be shown in six different directions [2] , [3] , [26] . Fig. 1 shows the vectors in the second sector of the switching hexagons. The current and voltage space vectors are constructed using a combination of two adjacent vectors in their related sector. As the application time of the switching configurations is variable, a fixed sampling period (T sp ) is selected, and a sequence of the switching configurations are applied within the sampling period. The fixed sampling period results in the fixed switching frequency, which depends on the switching pattern, and the number of included zero vectors. Selecting a proper switching pattern can reduce the number of switching instants, and consequently, the switching loss.
In this paper, a double-sided symmetrical switching pattern using one zero vector is applied, and the average switching frequency of each bidirectional switch is f s = 8
9T sp (the number of state changes of the bidirectional switches per second) [2] - [4] . A fixed switching frequency can improve the input filter size and harmonic performance, and mitigate the switching loss.
Variable 'x' with a bar sign over stands for a vector whose components represent the values of the three-phase system variables. Therefore, the voltages and currents of the input source (v s ,ī s ), input (v i ,ī i ) and output (v o ,ī o ) of the MC can be defined as:
The duty cycles of the switching configurations can be calculated as [27] :
where q is the voltage transfer ratio, and m the modulation index.β i andα o are the phase angles of the input current and the output voltage reference vectors, respectively, referred to the bisecting line of the corresponding sector (− π 6 <α o < + π 6 , − π 6 <β i < + π 6 ), as illustrated in Fig. 1 . As mentioned before, the SVM is an open-loop control, and as shown in Fig. 2a , the closed-loop control based on the voltage oriented control (VOC) strategy is utilized to control the output current [28] , [29] . The output currents are transformed into their equivalent direct-quadrature (d-q) synchronous reference frame and are compared to the reference values to determine the errors. The resultant errors then are processed by the decoupled proportional-integral (PI) controllers to generate the reference load voltages (v r o ), which are finally transferred to the modulation process to obtain the switching signals. In the proposed VOC method, the PI controllers are used to generate the three-phase output reference voltagev r o . In the purpose of unity input PF, the d-q elements of the output reference current are selected as, i r o(d) = I r o and i r o(q) = 0, where I r o is the amplitude of the output reference current. Also, v oa , v ob , v oc are the initial output reference voltages which determine the output frequency (ω o ) and the angle δ for the closed-loop control of the output current as shown in Fig. 2b . 
III. INPUT FILTER DESIGN AND CLOSED-LOOP CONTROL OF THE INPUT DISPLACEMENT ANGLE
To reduce the reactive power, the input filter needs to be designed properly, as the input PF is affected by the input filter parameters. In the SVM, displacement angle ϕ i between the filtered input current to the source (ī s ) and the source voltage (v s ) depends on the voltage transfer ratio q. Zero displacement angle (unity PF) is achievable for the maximum voltage ratio q = 0.866, and the filter designation is according to this assumption. On the other hand, the minimum input PF, which happens at the minimum output power P o,min (10% of rated input active power P i,n ) should be taken into account. In this paper, considering PF min = 0.8, the input filter capacitance has been defined as [30] :
where V i,n and I i,n are the rms values of the rated input phase voltage and current of the MC, and ω i is the supply angular frequency.
To determine L f , it should be considered that the voltage drop across the input filter inductance at the rated input current should be minimized so that v si ≈ v i , and can be selected by using the cut-off frequency
should be considered more than twenty times of the input frequency f i and less than one-third of the switching frequency of a bidirectional switch [31] .
After selecting the proper input filter parameters, the phase shift imposed by the filter components for the output powers less than the rated power can be modified by a closed-loop control as illustrated in Fig. 2b [21] , [22] . The PFC-SVM strategy relies on the measurement of the instantaneous source voltage and current for calculating the input displacement angle (ϕ i ). Assuming that:
ϕ i must be limited between − π 2 and π 2 (inductive to capacitive range respectively) as the following:
As mentioned before, the input displacement angle increases when the voltage transfer ratio q reduces, and thus:
Therefore, the limit of the displacement angle can be obtained as:
Considering that 0 < q < √ 3 2 , the compensated input displacement angle ϕ ic can then be defined as the following:
and if q > √ 3 2 , ϕ ic = 0. The desired input displacement angle (ϕ ir ), can be achieved by properly tuning of the PI coefficients. To obtain the unity input PF for the whole range of q, the reference input displacement angle should be ϕ ir = 0. The compensated input displacement angle ϕ ic is used in the modulation process, as illustrated in Fig. 2b .
Without the input PF closed-loop control, the assumption ϕ i = 0 in the modulation index m results a unity input PF for the maximum voltage transfer ratio only, not for the whole range of q. It means β i = α i , and therefore, in the calculation related to the input current sector (k i ), the input voltage angle α i could be used instead of β i . In the PFC-SVM strategy, ϕ ic is used in the calculation of m, and α i −ϕ ic is applied to determine k i (referring to Fig. 2b ). ϕ ic is variable and depends on the displacement angle ϕ ir , the voltage transfer ratio (q), and the passive components of the circuit, especially the input filter components. 
IV. INPUT POWER FACTOR CONTROL USING MPC
In this section, the MPC strategy is investigated to control the output current of the DMC, and at the same time, the input source current, to obtain a low-distortion current with unity PF. Compared to the SVM strategy, the MPC with a finite control set (FCS-MPC) is a different approach that can effectively control the input and output variables of the MCs. In this method, several system variables can be controlled with a single control function, using appropriate weighting factors. Unlike the common SVM method that does not consider the rotating vectors, the MPC allows the use of all valid switching states.
The power and control circuits of the MC using MPC are shown in Fig. 3 . Using the mathematical model of the converter, the values of the system variables for the next sampling period are predicted. A predictive cost function then selects the switching state, which causes the load current to follow its reference waveform with good quality while meeting the other demands [6] , [7] .
Using the mathematical model of the system, the behavior of the system can be predicted, and the best possible switching state of the converter can then be selected to generate the reference values. The continuous-time model of the system at the load side can be derived as a basis for predicting the output currents as the following:
where L l and R l are the load inductance and resistance, respectively. In order to realize an accurate computation VOLUME 7, 2019 within a digital system, the discrete-time model of the output is formed using forward Euler approximation as [10] , [19] : 
and
The modeling equations at the input side of the MC can be developed as:
where the matrix coefficients are:
In analogy to the output, the corresponding discrete-time model of the input side can be determined as [10] , [16] : (22) Therefore, the input source current predictive equations are defined as:
for all the valid switching states. The amplitude of the source reference current (I r s ) can be determined as a function of the efficiency η from [12] :
For instance, the first phase of the source reference current can be defined as: where ϕ ir is the reference displacement angle, and is equal to zero for unity input PF. To generate the three-phase i r s (t), the source voltage angle and amplitude should be obtained through a three-phase phase-locked loop (PLL), as shown in Fig. 3 . Variations of the input source current amplitude (I r s ) against the amplitude of the output current (I r o ), and the converter efficiency (η) are shown in Fig. 4 . The graph is plotted for the system parameters in Table 1 , with the input source voltage 400 V line to line.
The cost function evaluates the predicted input and output currents for all valid switching states according to the control goals. In this paper, the main goals are operation at the unity PF with a good quality of the current on the input side, and the current control on the output side of the converter. As shown in Fig. 3 , the generated input and output reference currents are as below:ī 
Therefore, the cost function for the regulation of the output current can be defined as:
and at the source side as:
This strategy leads to the direct control of the input and output currents at the same time, while both currents are sinusoidal with good quality. Furthermore, the input displacement angle remains zero for any output current amplitude [12] . The final cost function used for the minimization algorithm consists the normalized cost functions as the following [19] :
where k 1 is a weighting factor. Finally, the switching state associated with the prediction which generates the minimum cost function is chosen for the following time interval.
V. NUMERICAL SIMULATIONS
To compare the operation of the SVM, the PFC-SVM, and the proposed MPC for input PF control, numerical simulation of a DMC is carried out for the control techniques using PSIM software. The system parameters have been selected to match the experimentally developed prototype, as shown in Table 1 .
The selected sampling times (T sp ) for SVM and MPC are different to achieve an almost equal average switching frequency (f s ) for a fair comparison. Different values of the sampling times were tested in the simulation, and the number of switching instants per second, counted by the incremental counters, were compared to select the proper switching frequency for each control method. Unlike the SVM, in the MPC, the average switching frequency f s is variable as the cost function can select a switching state as the optimal one for more than one switching period. The average switching frequency depends on some parameters like sampling period, modulation index [9] , weighting factor [32] , and cost function [6] . It decreases as the voltage transfer ratio increases, although the minimum switching frequency can be obtained for m = 1 [9] . In order to suppress the resonance of the input filter, different damping methods have been proposed in the literature [8] , [33] , [34] . In this paper,three 20 damping resistors have been connected in parallel to the filter inductors to assure its normal stable operation. The small currents of the damping resistors do not cause high power dissipation. Although for the higher input currents, smaller values of the damping resistors are needed to guarantee the system stability. The power loss cannot be ignored in this case, and active damping methods are preferred.
Figs. 5 to 7 show the simulated results of the DMC using SVM and MPC control methods, where the reference output current amplitude (I r o ) is kept constant at 8 A for 0.06s, and then steps down to 4 A. The step change is applied to show the behavior of the control methods in two different voltage transfer ratios, and also the dynamic behavior of the system. The transient time, THDs of the input and output currents, and the input PF are the parameters for comparison. Fig. 5 presents the waveforms of the input phase voltage and current, and the output current of the SVM method with only the closed-loop output current control. It is evident that the input current at first is in phase with the source current, but in the second half, it is leading by 27 • with respect to the source voltage. This completely agreed with the feature of the input PF in SVM that is dependent on the voltage transfer ratio, and the reduction in the load current leads to the shift of the input current. In fact, at the step change instant when a change in the load current occurs, the displacement angle of the input current happens immediately, which shows the fast response of the SVM and the PI controller. In addition to the input PF, THDs of the currents are smaller for the higher voltage ratio. When I r o = 8A, the THDs of the input and output currents are 2.22% and 1.46%, while for I r o = 4A they increase to 5.23% and 3.48%, respectively.
In Fig. 6 , in addition to the closed-loop control of the output current, the PF closed-loop strategy has been employed to adjust the input current displacement angle to zero. The mentioned input PF in the figure verifies the performance of the PFC-SVM strategy for input displacement angle control. The measured input PF is very close to unity before and after the step-change. However, the input current THD in the first 0.06s is considerably higher than that of SVM without PF control, there is not a significant difference for other waveforms, which can be related to the parameters of the PI controllers. Overall, the transient response to the current step and the unity PF control is fast, with negligible overshoot.
The input and output currents with their THDs and the resultant input PF for the MPC method are shown in Fig. 7 . Two different values of the weighting factor have been applied for the output current levels as illustrated in Table 1 . The selection process is based on a trade-off between the source current and load current qualities, and can be selected by trial and error procedure. Some guidelines have been provided in [32] , which can be helpful for this process. As can be seen, the reference input displacement angle ϕ i = 0 has been kept constant in both current values without any dependency on the voltage ratio. The THDs of the input and output currents are 1.95% and 2.5% respectively, for the output current amplitude I r o = 8A. Similar to the SVM, there is a considerable increase in the THDs when the output reference current amplitude is decreased to 4A. The THD rises to 4.15% and 4.82% for the input and output currents respectively. The simulation results for all cases are presented in Table 2 for easier comparison. It is worthwhile to mention that the comparison results of the simulation and experimental tests of the SVM and the MPC are consistent with the results obtained in [19] .
The number of switching instants per second is registered using nine incremental counters, which are triggered by any state changing of the switches within 0.1 s of the simulation test. The measured values of average, minimum, and maximum switching frequency of the bidirectional switches in the control methods have been illustrated in Table 2 for two cases of the output currents, and three different control techniques.
The expected amount of average switching frequency f s (ave) for SVM is 8 9T sp = 8890 Hz [2]- [4] . As can be seen, in SVM method without the PF control, the measured f s (ave) is about 8950 Hz and 8910 Hz for the output currents 8A and 4A respectively, which are in the range of the expected average switching frequency. These amounts arise to 9800 Hz and 10200Hz by adding the closed-loop control of the input PF, which means the input PF compensation in the PFC-SVM leads to an increase in the switching number. This incremental trend is also seen in the MPC strategy that inherently includes the PF compensation, which in fact, has the average switching frequency close to the PFC-SVM. The minimum switching frequency of a bidirectional switch occurs in the SVM with no PF control (f s (min) = 8830 Hz), and the maximum one in the PFC-SVM (f s (max) = 10310 Hz). Figs. 8 and 9 present the spectra of the output and input currents, expressed as a percentage of fundamental amplitude, for the SVM and MPC algorithms when I r o = 8A. As can be seen in Fig. 8 , in the SVM method, the harmonics are in the range of switching frequency (f s ) and its multiples, which confirms fixed switchingfrequency operation. On the other hand, Fig. 9 reveals that the MPC does not lead to a fixed switching frequency. The transient response to the reference change is an important aspect for the control strategies which is evaluated by comparing the d − q parts of the output current (i o(d) and i o(q) ) in Fig. 10 . As can be seen, both SVM and MPC behave comparably under this situation.
As the MPC is inherently dependent on the model parameters, the utilization of a model of the load is necessary to predict the future behaviour of the output current. To evaluate the effect of change in the load parameters, four simulation tests have been done by doubling or halving the load parameters. After adjusting the MPC parameters based on the original load parameters (R l = 10 , and L l = 3mH ), doubling the load inductance (L l = 6mH ) improved the THD of the output current, while halving it (L l = 1.5mH ), increased it. In both cases, the output current followed the reference properly without considerable effect on PF and THD of the input current. However, applying the same changes to the load resistance resulted an un-regulated output current, with no considerable effect on the THD. By reducing the load resistance and as a result reducing the voltage transfer ratio, the THD of the input current increased, and vice versa. As the impedance of the load inductor is much less than the load resistance, the effect of the inductance change is not considerable compared to the resistance.
VI. EXPERIMENTAL RESULTS
To validate the theory and numerical simulation results, a prototype of a DMC was designed, implemented, and tested experimentally, as shown in Fig. 11 . The converter consists of an arrangement of 18 IGBTs (IRG7PH42UD1-EP) containing an antiparallel connected diode, in the commoncollector bidirectional configuration. The driving signals are generated by two channels hybrid integrated driver circuits (VLA567-01R) with built-in short circuit protection circuits. The LEM sensors, LTSR 25-NP and LV 25-P, have been used to measure the currents and voltages. The control schemes have been implemented in C code by using a digital signal processor (DSP) model TMS320F28335, and the control of the current commutation is provided by a field programmable gate array (FPGA) processor of a Xilinx spartan6LX150T development board which follows a current-based fourstep commutation process. A DSOX2004A KEYSIGHT oscilloscope is utilized to record the waveforms.
The proposed modulation and control algorithms have been tested on the experimental prototype, which the RL load, input source voltage, and input filter parameters have been selected the same as the numerical simulations. The control conditions and factors are also chosen as presented in Table 1 . Figs. 12 to 14 are experimental waveforms showing the results for the control methods. Fig. 12 shows the waveforms of the input line current and phase voltage, and the output phase current of the threephase DMC. The SVM method with the closed-loop output current control is employed, and no direct control was applied to the input current phase angle. As can be seen, when the output current steps down to 4A, the input current PF changes by about 0.128, which means a change of the displacement angle around 22.35 • . Fig. 13 experimentally verifies that the PFC-SVM strategy is capable of the direct control of the input current phase angle. It shows the resultant waveforms with the same operating conditions in Fig. 12 , in addition to using the closed-loop PI controller of the input PF. The zero input current displacement kept almost unchanged after the stepdown change of the output current. Also, the source current and voltage resulted from the MPC strategy in Fig. 14, are in phase for both output reference current values. Table 3 presents the results of the experimental tests. Considering the THDs of the input and output currents, using the selected control factors, MPC offers a lower THD of the input source current, although the THD of the output current is slightly larger than the SVM method. The harmonic distortions of the input source current and load current for the PFC-SVM and the MPC can be observed in detail in Figs. 15 and 16 . The experimental results agree with the simulation results comparing to the waveforms in section V.
VII. COMPARISON OF THE RESULTS
In all presented strategies, it can be seen that the control goal of the input and output currents regulation are met with proper reference tracking and dynamic responses. Although the comprehension and implementation of the MPC is simple compared to the SVM strategy, it is significantly dependent on the system parameters. Furthermore, in the SVM, the parameters of the PI controllers, and in the MPC, the weighting factors need to be selected using some guidelines [32] .
Comparison of the input PF results of the PFC-SVM and the MPC in both numerical simulation and experimental tests indicate very close results. The input PF in both methods is more than 0.99 for the presented output reference currents. Also, the THD measurements show that the SVM method generates input currents that are more distorted than those from the MPC. This result is more visible in the experimental tests. In the case of the THD of the load current, the SVM presents slightly lower values, especially for higher voltage transfer ratio. Furthermore, the dynamic response of the controllers to the current level changes are very similar. Therefore, in order to achieve unity PF control of a MC, for applications with frequent varying load currents, both methods present acceptable operation.
The proposed MPC and the PFC-SVM can achieve good input and output current performance with input PF close to unity for different levels of the voltage transfer ratios. In the experimental tests, MPC presented a better harmonic quality in the source current than PF-controlled SVM.
VIII. CONCLUSION
Three different MC control strategies, including MPC, SVM, and PFC-SVM, regarding the input and output current quality, and input PF control, were analyzed and compared. Considering numerical simulation and experimental test results, it was seen that the unity power factor control is achievable over a wide range of the voltage transfer ratio in both MPC and PFC-SVM methods. Although, the flexibility of the MPC in the inclusion of the other control factors, and simultaneous control of the input and output currents is a big advantage. All three methods presented a fast transient response of the input PF control to the step change of the output current, however, the resultant distortion of the input current in the MPC was less than the SVM methods. As the goal of the paper was the comparison of the classic SVM and the MPC, the proposed closed-loop PF control was applied without any manipulation of the SVM modulation process. However, as future work, the input PF can be controlled using the new SVM algorithms, which impacts the modulation process directly.
